Mutations affecting ciliary components cause a series of related genetic disorders in humans, including nephronophthisis (NPHP), Joubert syndrome (JBTS), Meckel-Gruber syndrome (MKS), and Bardet-Biedl syndrome (BBS), which are collectively termed "ciliopathies." Recent protein-protein interaction studies combined with genetic analyses revealed that ciliopathy-related proteins form several functional networks/modules that build and maintain the primary cilium. However, the precise function of many ciliopathyrelated proteins and the mechanisms by which these proteins are targeted to primary cilia are still not well understood. Here, we describe a protein-protein interaction network of inositol polyphosphate-5-phosphatase E (INPP5E), a prenylated protein associated with JBTS, and its ciliary targeting mechanisms. INPP5E is targeted to the primary cilium through a motif near the C terminus and prenyl-binding protein phosphodiesterase 6D (PDE6D)-dependent mechanisms. Ciliary targeting of INPP5E is facilitated by another JBTS protein, ADP-ribosylation factor-like 13B (ARL13B), but not by ARL2 or ARL3. ARL13B missense mutations that cause JBTS in humans disrupt the ARL13B-INPP5E interaction. We further demonstrate interactions of INPP5E with several ciliary and centrosomal proteins, including a recently identified ciliopathy protein centrosomal protein 164 (CEP164). These findings indicate that ARL13B, INPP5E, PDE6D, and CEP164 form a distinct functional network that is involved in JBTS and NPHP but independent of the ones previously defined by NPHP and MKS proteins.
P rimary cilia are microtubule-based cell surface projections that emanate from the centrosome. This subcellular organelle functions as an antenna, sensing and transducing extracellular signals into the cell, and plays an essential role in regulating multiple cellular processes including the cell cycle, embryonic development, and tissue homeostasis (1) (2) (3) . Mutations affecting ciliary and centrosomal components underlie a group of related human disorders such as Joubert syndrome (JBTS), Meckel-Gruber syndrome (MKS), nephronophthisis (NPHP), and Bardet-Biedl syndrome (BBS), collectively termed ciliopathies (1) (2) (3) . Recent proteinprotein interaction studies have identified several functional modules or networks involved in these ciliopathies (4) . For example, BBS proteins and intraflagellar transport (IFT) proteins form multiprotein complexes, the BBSome and the IFT complexes, respectively, and these complexes are involved in transporting ciliary proteins. Likewise, NPHP and MKS proteins form a distinct modular complex at the transition zone of primary cilia and regulate ciliary membrane compositions (5) (6) (7) (8) (9) . However, there are many ciliary and centrosomal proteins [e.g., inositol polyphosphate-5-phosphatase E (INPP5E) and ADP-ribosylation factor-like 13B (ARL13B)] that have not been linked to any of the known functional networks and their precise functions remain to be elucidated.
INPP5E encodes an enzyme that hydrolyzes the 5-phosphate of PtdIns (3, 4, 5) P3 and PtdIns (4, 5) P2 and localizes to primary cilia. Mutations in this gene cause JBTS in humans (10, 11) . In mice, loss of Inpp5e activity results in cystic kidney, bilateral anophthalmia, polydactyly, skeletal defects, cleft palate, and cerebral developmental defects (11) . Inactivation of Inpp5e in adult mice results in obesity and photoreceptor degeneration. Interestingly, many proteins that localize to cilia, including INPP5E, RPGR, PDE6 α and β subunits, GRK1 (Rhodopsin kinase), and GNGT1 (Transducin γ chain), are prenylated (either farnesylated or geranylgeranylated), and mutations in these genes or genes involved in their prenylation (e.g., AIPL1 and RCE1) lead to photoreceptor degeneration in vertebrates and humans (12) (13) (14) (15) (16) (17) (18) . Understanding the molecular mechanisms by which prenylated proteins are transported to primary cilia would have significant ramifications in developing therapeutic strategies to treat blindness and other ciliopathy phenotypes associated with these genes.
In this study, we sought to determine the functional network of INPP5E and the mechanisms by which INPP5E is targeted to primary cilia. We determined the ciliary targeting sequence (CTS) of INPP5E, the small GTPase responsible for its ciliary targeting, and an interaction network that connects INPP5E to other known ciliopathy genes and new candidates.
Results

CTS of INPP5E.
Previously, INPP5E was shown to localize to primary cilia (10, 11) . We confirmed its ciliary localization in hTERT-RPE1 and IMCD3 cells by detecting endogenous and transfected FLAG-tagged INPP5E ( Fig. 1 A and B) . Ablation of INPP5E expression by siRNA-mediated gene knockdown verified the specificity of the antibody staining. To map the CTS of INPP5E, we generated a series of deletion mutants with N-terminal FLAG tags and evaluated their localization in IMCD3 cells ( Fig. 1 B and C) . The constructs with N-terminal 289 or 604 residues showed diffused localization throughout the cell including the nucleus. In contrast, constructs with the C-terminal portion of INPP5E (amino acids 79-644 and 288-644) showed specific ciliary localization. Consistent with the previous observation (11) , the N-terminal 626 residues of INPP5E were sufficient to localize to cilia, suggesting that the CTS of INPP5E is between the phosphatase catalytic domain and the CaaX motif, which is a prenylation signal, and that prenylation itself is not necessary for INPP5E ciliary targeting.
The amino acid sequence in this region (amino acids 605-626) is highly conserved in vertebrates (Fig. 1D) . For fine mapping of the CTS in this region, we generated small deletion mutants (three to five residue deletions from the full-length construct) spanning this region and evaluated their localization ( Fig. 1 D and  E) . Immunofluorescence microscopy results indicate that a motif consisting of seven residues (FDRELYL; amino acids 609-615) is critical for INPP5E ciliary targeting. Mutations in VRP residues (amino acids 595-597), which resemble the ciliary targeting VxPx motif found in rhodopsin, polycystin-1, and polycystin-2 (19-21), did not affect INPP5E ciliary localization. Mutations in KRR residues (amino acids 609-611) resulted in a partial disruption of ciliary targeting: weak ciliary localization with a significant accumulation within the cytoplasm. Substitution of FDRELYL residues with alanines (FDR to AAA and LYL to AAA) also caused INPP5E mislocalization (Fig. S1A ). Finally, we tested whether this motif is sufficient for ciliary targeting by fusing the C-terminal portion of INPP5E to GFP. Fusion of 39 C-terminal residues (amino acids 606-644) or 66 residues (amino acids 579-644) of INPP5E, including the CaaX motif, to the C terminus of GFP was not sufficient to target GFP to primary cilia (Fig. S1B) . This insufficiency may be due to the inability of the tested peptides to form native structures on their own. Alternatively, additional motif (s) within the phosphatase catalytic domain may be necessary for INPP5E ciliary targeting in addition to this motif.
ARL13B Mediates Ciliary Trafficking of INPP5E. Protein trafficking to primary cilia is mediated by various small GTPases. We sought to determine the GTPase that targets INPP5E to cilia. INPP5E has a CaaX motif at its C terminus, and phosphodiesterase 6D (PDE6D) is known to bind to prenyl groups (22, 23) . We confirmed that PDE6D associates with INPP5E (see below). Additionally, ARL2 and ARL3 are known to bind to PDE6D (22, 24) and regulate PDE6D-prenyl group interactions (23) . ARL3 was further shown to facilitate ciliary targeting of NPHP3 (25) . Therefore, we initially tested the requirement of ARL2 and ARL3 for INPP5E ciliary targeting. We blocked expression of ARL2 and ARL3 in hTERT-RPE1 cells by transfecting siRNAs against these genes and evaluated localization of endogenous INPP5E. Efficient knockdown was confirmed by immunoblotting and quantitative real-time PCR (Fig. S2 ). To our surprise, depletion of ARL2 and ARL3, either individually or combined, had no impact on INPP5E ciliary targeting (Fig. 2) , suggesting that ciliary targeting of INPP5E is mediated through a different mechanism. Therefore, we expanded our search to include all small GTPases that are known to be involved in ciliary trafficking (ARF4, ARL2, ARL3, ARL6, ARL13B, RAB8A, RAB8B, RAB11A, RAB11B, RAB23, and RAN). In this experiment, we found that ARL13B, a protein associated with JBTS (26) (27) (28) (29) (30) , is specifically required for ciliary targeting of INPP5E (Fig. 2) . In contrast, knockdown of other small GTPases did not abolish INPP5E ciliary targeting, although some of them are required for efficient ciliogenesis (e.g., ARL6, ARL13B, RAB8A, and RAB8B) (Fig. 2B) .
We next examined physical interactions between INPP5E, ARL13B, and PDE6D. When immunoprecipitated with anti-FLAG antibodies, endogenous ARL13B was efficiently coprecipitated with FLAG-INPP5E (Fig. 3A) . Contrary to ARL13B (but consistent with the localization study), ARL3 did not show any physical interaction with INPP5E. We also tested whether ARL13B interacts with PDE6D. Whereas we could readily detect the ARL3-PDE6D interaction, we were not able to detect physical interactions between ARL13B and PDE6D, even when both proteins were overexpressed ( Fig. 3A and Fig. S3 ). In reciprocal immunoprecipitation, both ARL13B and PDE6D coprecipitated with endogenous INPP5E (Fig. 3B) . GST pull-down assay using purified GST-ARL13B and in vitro translated INPP5E indicated that ARL13B directly interacts with INPP5E (Fig. 3C) . In interaction domain mapping experiments, INPP5E mutants that possess the FDRELYL motif and localize to cilia (i.e., 1-626 and 79-644) maintained their ability to interact with ARL13B ( Fig.  3D ). Mutant variants that failed to localize to cilia were not able to interact with ARL13B. On the other hand, PDE6D-INPP5E interaction was dependent on the presence of the C-terminal CaaX motif but independent of the FDRELYL motif (Fig. 3E) . The facts that INPP5E interacts with both ARL13B and PDE6D but an ARL13B-PDE6D interaction is not detectable and that ARL13B and PDE6D bind to close parts of INPP5E prompted us to test whether ARL13B can regulate the INPP5E-PDE6D interaction. Indeed, overexpression of ARL13B decreased the INPP5E-PDE6D interaction (Fig. 3F) . Taken together, our data suggest that ARL13B facilitates ciliary targeting of INPP5E by directly interacting with INPP5E and promoting its release from PDE6D, rather than by interacting with PDE6D as proposed for the ARL3-PDE6D interaction (23).
We then examined the impact of mutations found in human JBTS patients. Because all missense mutations found in INPP5E are within the catalytic domain and none of them disrupt INPP5E ciliary targeting (10), we focused our efforts on ARL13B. To date, two missense mutations in ARL13B, R79Q and R200C, have been found in JBTS patients (26) . Whereas the precise molecular consequence of R200C mutation is unknown, the R79Q mutation is known to interfere with the GTP-binding activity of ARL13B. Neither of these mutations disrupted ciliary localization of ARL13B (Fig. 4A) . We also generated an ARL13B variant with T35N mutation, which locks ARL13B in the GDP-bound form. Consistent with previous observations (28, 31) , T35N mutation did not affect ARL13B ciliary localization. However, all of these mutations disrupted ARL13B-INPP5E interaction (Fig. 4B) . To test whether these ARL13B mutants can mediate INPP5E ciliary trafficking, we blocked endogenous ARL13B expression using siRNA targeting its 3′ untranslated region (UTR) and then transfected FLAG-tagged ARL13B variants. As shown in Fig. 4C , wild-type ARL13B was able to restore ciliary localization of INPP5E, whereas mutant variants with T35N, R79Q, and R200C mutations failed to rescue INPP5E ciliary localization. These results indicate that although GDP-bound ARL13B localizes to cilia, only the GTP-bound form can interact with INPP5E and mediate its ciliary targeting. These findings also suggest that a trafficking defect of INPP5E is at least part of the molecular etiology of JBTS associated with ARL13B mutations.
Identification of INPP5E Interacting Proteins. To better understand the protein interaction network around INPP5E and to identify other proteins involved in the same biological pathway, we performed tandem affinity purification (TAP) using INPP5E as bait. We generated a stable cell line expressing FLAG-and S-tagged INPP5E (FS-INPP5E) in HEK293T cells and purified INPP5E interacting proteins (Fig. 5A) . Mass spectrometry analysis identified several proteins that are already known to localize to cilia and/or centrosomes (Dataset S1). For example, we found that centrosomal protein 164 (CEP164), RUVBL1, RUVBL2, and 14-3-3ε/γ proteins interact with INPP5E. CEP164 is a centriole distal appendage protein required for primary cilia formation (32, 33) . CEP164 also localizes to the nucleus where it is involved in DNA damage response (34, 35) . More recently, CEP164 was identified as one of the NPHP-related ciliopathy genes (36) . RUVBL1 and RUVBL2 have been found in proteomic studies for mammalian cilia but their roles in centrosomes and/or cilia are unknown (37, 38) . The 14-3-3 proteins were previously shown to interact with INPP5E and localize to cilia (11, 39) , but their roles in cilia are also unknown. Additionally, we found that MAP3K5 and PDE6D were copurified with INPP5E. In a reciprocal TAP using PDE6D as bait, several prenylated proteins including RPGR (two isoforms), INPP5E, LMNB1, LMNB2, and RAB28 were copurified ( Fig. 5A and Dataset S1). Membrane association and subcellular localization of these proteins are likely to be regulated by PDE6D. In addition to these prenylated proteins, small GTPases, ARL2 and ARL3, which are known to bind and regulate PDE6D (22, 24) , were copurified. Finally, TBC1D10A, a GTPase-activating protein for RAB27A and RAB35 (40, 41) , was copurified with PDE6D.
Roles of INPP5E Interacting Proteins in Ciliogenesis and INPP5E Ciliary
Targeting. Among the identified INPP5E interacting partners, we chose five proteins (CEP164, MAP3K5, PDE6D, IPO4, and 14-3-3ε) for further analyses. CEP164, 14-3-3ε, and PDE6D were chosen based on their known localization to cilia and/or centrosomes and interaction with INPP5E (32, 33, 39, and this study). IPO4, which is an importin β family member, was chosen for testing because recent data suggest that some of the importin β family proteins are involved in ciliary trafficking (42, 43) . Recent studies also found that several kinases (e.g., LKB1, MEK1/2, ERK1/2, and AKT) localize to cilia and/or centrosomes and regulate various signaling events (44) (45) (46) . Thus, we included MAP3K5 in our analyses to test whether it affects INPP5E ciliary localization. First, we verified their interactions with INPP5E using coimmunoprecipitation (Fig. S4) . Next, we examined the subcellular localization patterns of the INPP5E interacting partners (Fig. S5) . Consistent with previous reports (32, 33) , both endogenous and FLAG-tagged CEP164 specifically localized to the distal appendage of the mother centriole and often appeared as a doughnut-shaped structure, slightly larger than the centriole (Fig. S5 A  and B) . MAP3K5 and PDE6D were detected throughout the cell but specific enrichment was found around the centrosome (Fig. S5  C and D) . Contrary to UNC119B, which is structurally similar to PDE6D and binds to the myristoyl group of NPHP3 to mediate its ciliary trafficking (25), we were not able to detect ciliary localization of PDE6D in hTERT-RPE1 cells. Consistent with the previous observation (39), we found a subset of 14-3-3 proteins localize to the primary cilium (Fig. S5E) . IPO4 was found throughout the cytoplasm and we were not able to detect ciliary or centrosomal pools of IPO4 (Fig. S5F) .
Next, we examined the requirement of INPP5E interacting partners for ciliogenesis and INPP5E ciliary targeting. Efficient suppression of gene expression by siRNA transfection was verified at the protein or mRNA level (Fig. S2) . Depletion of MAP3K5, 14-3-3ε/γ, and IPO4 in hTERT-RPE1 cells did not cause noticeable changes in cilia formation or INPP5E localization (Fig. 5 B-D) . However, depletion of PDE6D significantly decreased ciliary localization of INPP5E. Within the remaining INPP5E-positive cilia, the intensity of INPP5E staining was noticeably lower than in control siRNA transfected cells. Ciliogenesis itself was not significantly affected by PDE6D depletion. The requirement of PDE6D for INPP5E ciliary targeting was interesting because the N-terminal 626 residues of INPP5E, which do not contain the CaaX motif and do not interact with PDE6D, were sufficient to target INPP5E to cilia (Fig. 1) . In addition, INPP5E amino acids 1-626 mutant localized to cilia in a PDE6D-independent manner (Fig. S1C) , suggesting that PDE6D is required for ciliary targeting of full-length, prenylated INPP5E but not for solubilized INPP5E.
Contrary to PDE6D, ablation of CEP164 almost completely blocked cilia formation (Fig. 5 B and C) . This complete loss of cilia made it difficult to evaluate the direct requirement of CEP164 for INPP5E ciliary targeting. Therefore, we compared INPP5E localization in CEP164-depleted cells with two other conditions where cilia formation is suppressed. Previously, it was shown that depletion of PCM1, which is essential for centriolar satellite formation (47, 48) , blocks ciliogenesis in RPE1 cells (49, 50) . Also, 2-h nocodazole treatment (20 μM) destabilizes cilia and causes cilia resorption in RPE1 cells (50) . INPP5E was still found associated with one centriole of the centrosome in most PCM1-depleted, unciliated cells (∼63%) and essentially every cell in nocodazoletreated, unciliated cells (∼96%) (Fig. 5 B and E) . In contrast, INPP5E was not associated with the centrosome in CEP164-depleted, unciliated cells (∼9%). Therefore, CEP164 appears to be required for ciliary targeting of INPP5E (potentially for INPP5E docking to the transition fiber) in addition to ciliogenesis. Consistent with the ARL6 (also known as BBS3) results (Fig. 2) , knockdown of BBS9 did not affect INPP5E ciliary localization, suggesting that INPP5E ciliary targeting is not mediated by BBS proteins. Likewise, ablation of CEP290 did not affect INPP5E ciliary targeting.
Discussion
Recent studies have shown that many proteins involved in NPHP, MKS, and JBTS localize to the ciliary transition zone and function as modular components of a ciliary gate, regulating protein entry and exit to cilia (5-9). However, JBTS proteins INPP5E and ARL13B have not been linked to any of the known ciliary transition zone complexes, and their relationships with other ciliopathy proteins have been elusive. In this study, we demonstrate that INPP5E, ARL13B, PDE6D, and CEP164 form a functional interaction network that converges on INPP5E ciliary targeting. This interaction network is distinct from previously defined protein networks composed of transition zonelocalizing ciliopathy proteins that likely form a supramolecular complex. Indeed, INPP5E and ARL13B localize to the primary cilium, CEP164 to the distal appendage, and PDE6D to the cytoplasm and near the centrosome. This indicates that ARL13B, CEP164, and PDE6D are involved in different steps of INPP5E ciliary targeting and that mutations in these genes cause JBTS and NPHP through different mechanisms than ciliary gating defects. Because loss of ARL13B, PDE6D, and CEP164 commonly causes a loss of INPP5E in cilia, reduction of INPP5E activity within cilia is likely to be a part of a common molecular etiology underlying the ciliopathies associated with these genes.
Based on our findings, we propose that INPP5E is targeted to the primary cilium by sequential interactions with PDE6D, CEP164, and ARL13B (Fig. S6 ). In this model, farnesylated INPP5E is initially confined to the donor membrane (e.g., endoplasmic reticulum, Golgi, or transport vesicles). PDE6D is required to extract INPP5E from the donor membrane and the PDE6D-INPP5E complex is transported to the basal body by a currently unknown mechanism. CEP164 may facilitate the docking of the INPP5E-PDE6D complex to the centrosomal distal appendage/ transition fiber. ARL13B, including the GDP-bound form, predominantly localizes to cilia. Therefore, ARL13B may be activated by a currently unknown GEF within cilia. Activated ARL13B would bind to INPP5E and promote its release from PDE6D and subsequent ciliary entry.
This model of INPP5E ciliary targeting is in general similar to that of NPHP3, a myristoylated protein targeted to cilia by UNC119B-, ARL3-, and RP2-dependent mechanisms (25) , but also shows several differences. First, whereas ARL3 regulates ciliary targeting of NPHP3 by interaction with UNC119B, ARL13B directly binds to the cargo INPP5E rather than the prenyl binding protein PDE6D. Interestingly, although ARL2 and ARL3 interact with PDE6D, ablation of their expression has no impact on INPP5E ciliary localization. Second, whereas N-terminal myristoylation of NPHP3 appears to be essential for its ciliary targeting, prenylation is dispensable for INPP5E ciliary targeting. For example, whereas C-terminally tagged NPHP3 can localize properly to cilia, N-terminally tagged NPHP3, myristoylation of which would be blocked by the tag, failed to localize to cilia (25) . In contrast, removal of the CaaX motif from INPP5E does not prevent its ciliary localization, indicating that prenylation is not necessary for ciliary targeting. This also suggests that ciliary targeting of INPP5E is mainly mediated by its interactions with ARL13B and that PDE6D is required to extract farnesylated INPP5E from the donor membranes but not for ciliary targeting itself.
Although this model is the most likely, alternative models are conceivable. For example, although we do not observe obvious ARL13B accumulation in any potential donor membranes, we cannot rule out the possibility that a small subset of ARL13B localizes to the donor membrane, sorts INPP5E, and mediates INPP5E trafficking from the donor membrane to the ciliary base. Another interesting possibility is related to INPP5E interacting proteins involved in the DNA damage response (DDR) pathway (CEP164, DDB1, IPO4, RUVBL1, and RUVBL2) (36, 51) . Mutations in CEP164 cause defects in the DDR pathway in addition to ciliogenesis defects. Interestingly, INPP5E phosphorylation is regulated by DNA damage (52) and some of the deletion mutants of INPP5E show nuclear localization. Although it is currently unknown whether a subset of endogenous INPP5E translocates into the nucleus in response to DNA damage and is involved in the DDR pathway, interactions of INPP5E with CEP164 and other DDR-related proteins may have relevance to this pathway. Several other prenylated proteins localize to the primary cilia and the photoreceptor outer segment (e.g., RPGR, PDE6A, PDE6B, and GNGT1), and loss of these proteins or perturbation of their ciliary trafficking results in photoreceptor degeneration (12) (13) (14) (15) (16) (17) (18) . Mechanisms that target these proteins to cilia and to the photoreceptor outer segment remain to be determined. Our study provides a model for ciliary targeting of prenylated proteins. Our study also presents a protein-protein interaction network of INPP5E that is linked to JBTS and NPHP and identifies previously unknown ciliopathy candidate genes.
Materials and Methods
Protein-protein interaction studies were performed using HEK293T cells and immunolocalization studies were conducted in hTERT-RPE1 and IMCD3 cells. Tandem affinity purification, coimmunoprecipitation, and immunofluorescence microscopy were conducted as previously described with minor modifications (49, 53) . Antibodies were purchased from the following sources: Mouse monoclonal antibodies against acetylated tubulin (6-11B-1), γ-tubulin (GTU-88), FLAG (M2), and β-actin (AC-15) and rabbit polyclonal antibodies for BBS9 (HPA021289), CEP164 (HPA037605), γ-tubulin (T3559), and PCM1 (HPA023374) are from Sigma. Rabbit polyclonal antibodies against ARL3 (10961), ARL6 (12676), ARL13B (17711), INPP5E (17797), IPO4 (11679), RAB8A (55296), and RAB11A (20229) are from Proteintech Group. Other antibodies used are for MAP3K5 (Abgent; AJ1472b), 14-3-3 ε (Cell Signaling Technology; 9635), and CEP290 (Bethyl Laboratories; IHC-00365). Quantitative PCR primer sequences are shown in Table S1 . For more details, please see SI Materials and Methods.
